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INTRODUCTION 
The work under t h i s  Grant i s  gene ra l ly  concerned with t h e  genera t ion ,  
con t ro l ,  and s t a b i l i z a t i o n  of o p t i c a l  frequency r a d i a t i o n .  I n  p a r t i c u l a r ,  
we a r e  concerned with producing tunab le  o p t i c a l  sources by means of non- 
l i n e a r  o p t i c a l ,  and acous to-opt ica l  t echniques .  During t h i s  pe r iod  work 
was done i n  t h e  fol lowing areas :  e l e c t r o n i c  tun ing  and s h o r t  pu l s ing  of 
dye l a s e r s ,  l a s e r  s t a b i l i z a t i o n  s t u d i e s ,  and locking of o p t i c a l  parametr ic  
o s c i l l a t o r s  t o  atomic t r a n s i t i o n s .  Progress  r e p o r t s  on t h e s e  t o p i c s  a r e  
given i n  t h e  fol lowing s e c t i o n s .  
1. E l e c t r o n i c  Tuning and Short  Puls ing  of Dye Lasers  
( D .  S. Taylor  and S .  E .  ~ a r r i s )  
The goa l  of  t h i s  p r o j e c t  i s  t o  o b t a i n  an e l e c t r o n i c a l l y  tunable  
coherent  l i g h t  source by i n s e r t i n g  an acousto-opt ic  f i l t e r  element i n t o  
t h e  cav i ty  of a  dye l a s e r .  I n  our  l a s t  r e p o r t  we d iscussed  t h e  des ign  
cons ide ra t ions  f o r  our f i r s t  experiment, inc luding  t h e  p r o p e r t i e s  of t he  
pump l a s e r ,  t h e  dye l a s e r ,  p r epa ra t ion  of t h e  f i l t e r  c r y s t a l  CaMo04 , 
genera t ion  of t h e  des i r ed  acous t i c  shear  wave by longi tudina l - to-shear  
mode conversion, and experimental  con f igu ra t ion .  During t h i s  r e p o r t  
pe r iod  t h e  va r ious  components have been f a b r i c a t e d ,  assembly and a l ign -  
ment techniques have been developed, and p a r t i a l l y  succes s fu l  experimen- 
t a t i o n  has been performed. 
I n  add i t i on ,  a  t h e o r e t i c a l  a n a l y s i s  of t h e  dye l a s e r  and acous t i c  
f i l t e r  has i nd ica t ed  t h a t  t h e  r e s u l t i n g  output  may be 100 times narrower 
than  t h e  bandwidth of t h e  acous t i c  f i l t e r  a lone .  This  ana lys i s  i s  
p resented  i n  Appendix A, and has been submit ted f o r  pub l i ca t ion .  
The Calvio04 f i l t e r  c r y s t a l  was c u t  and po l i shed  according t o  t h e  
design previous ly  presented .  Hardware cons t ruc ted  f o r  t h i s  experiment 
included t h e  f i l t e r - an6-dye  holder  and a  p a i r  of ad jus t ab le  mir ror  ho lders  
f o r  t h e  end mi r ro r s  of t h e  dye l a s e r  c a v i t y .  The p i e z o e l e c t r i c  t r a n s -  
ducer m a t e r i a l  used f o r  t h e  genera t ion  of a  l o n g i t u d i n a l  accus t i c  wave 
i s  a  t h i n  (- 75 pm f o r  fundamental resonance a t  t h e  acous t i c  f requencies  
e 
of i n t e r e s t )  s l i c e  of LiNbO o r i e n t e d  with i t s  sur face  normal a t  35.8 
3 
t o  t he  y-axis  i n  t h e  y-z p lane .  This c r y s t a l  and o r i e n t a t i o n  o f f e r  a  
l a r g e  electromechanical  coupling c o e f f i c i e n t  (0.485) t o  an almost pure 
l o n g i t u d i n a l  mode with no coupling t o  any shear  modes. The t ransducer  
i s  bonded T O  t h e  CaMo04 by a  t h i n  l a y e r  of phenyl benzoate, with t y p i c a l  
one-way i n s e r t i o n  l o s s  of 8 d~ from input  e l e c t r i c a l  power t o  a c o u s t i c  
power i r  the  CaMo04 c r y s t a l .  The major problems with t h e  acous t i c  t r a n s -  
ducer a r e  t h e  l a r g e  i n s e r t i o n  l o s s ,  t h e  narrow frequency band f o r  which 
e f f i c i e n t  coupling can be achieved, and t h e  mechanical f r a g i l i t y  of t h e  
t h i n  s l i c e .  To overcome t h e  handl ing probl?ms, some of t h e  t r ansduce r s  we 
used were s l i c e d  f o r  t h i r d  harmonic resonance (- 225 pm t h i c k ) ;  however, 
t h e s e  t r ansduce r s  have only one - th i rd  t h e  bandwidth of a  fundamentally re -  
sonant s l i c e .  The process  of prepar ing  t ransducers  a f t e r  they  have been 
c u t ,  inc luding  m e t a l l i z a t i o n  of t h e  t o p  sur face ,  ball-bonding a  wire f o r  
top-sur face  con tac t ,  phenyl benzoate bonding, and coat ing t h e  bond with 
Sylgard t o  p r o t e c t  t he  phenyl benzoate from t h e  ethanol-dye so lu t ion ,  
has  r equ i r ed  cons iderable  development and p r a c t i c e .  
Our f i r s t  experiments were made with t h e  dye Rhodarnine 6 ~ ,  molar 
i n  e thanol ,  a t  a  cen te r  wavelength of 5900 8, r a t h e r  t han  with sodium 
f l u o r e s c e i n  a t  j370 8 as  f i r s t  planned, because we a l ready  had appropr ia te  
dye l a s e r  mi r ro r s  a t  t h a t  frequency and t h e  corresponding f i l t e r  t ransducer  
i s  t h i c k e r .  The f i r s t  s t e p  was t o  s e t  cp a  dye l a s e r  with the  f i l t e r  e l e -  
ment ou t s ide  and t o  check t h a t  t he  f i l t e r ,  with crossed p o l a r i z e r s  on 
both s ides ,  can tunably f i l t e r  t h e  dye l a s e r  l i g h t .  However, it was not 
poss ib l e  t o  measure p o l a r i z a t i o n  conversion e f f i c i e n c y  a s  a  func t ion  of 
acous t i c  d r ive  l e v e l ,  s ince  t h e  i n c i d e n t  l i g h t  was broadband compared t o  
t he  f i l t e r e d  band, r e s u l t i n g  i n  n e g l i g i b l e  dep le t ion  a t  t h e  inc ident  
p o l a r i z a t i o n  even i f  l o@ conversion i n  t h e  narrow f i l t e r  band could be 
a t t a i n e d .  This  f i r s t  t e s t  with t h e  f i l t e r  e x t e r n a l  t o  the  dse l a s e r  a l s o  
serves  t o  a l i g n  t h e  f i l t e r  f o r  maximum over lap  of t h e  acous t i c  and o p t i c a l  
beams. We then p laced  t h e  element i n s i d e  t h e  dye l a s e r  (moving the  
second dye c a v i t y  mir ror  t o  account f o r  t h e  dogleg so introduced)  and, with 
no acous t i c  power appl ied ,  got  t h e  dye l a s e r  running with no p o l a r i z a t i o n  
change; the Brewster-plane f'aces of t h e  f i l t e r  d i c t a t e  t h a t  t h e  r e s u l t i n g  
p o l a r i z a t i o n s  a t  both ends of t h e  f i l t e r  c r y s t a l  a r e  ex t r ao rd ina ry .  The 
r e s u l t a n t  dye l a s e r  output  i s  s t i l l  q u i t e  wide (- 200 a ) .  With t h i s  con- 
f i g u r a t i o n  an i n t e r e s t i n g  t e s t  of t h e  f i l t e r  can be made. As the  acous t i c  
d r ive  i s  increased  from zero a t  a  frequency corresgonding t o  a  l i n e  wi th in  
t h e  dye l a s e r  spectrum, a po in t  i s  reached a t  a  r e l a t i v e l y  low p o l a r i z a t i o n  
conversion e f f i c i e n c y  (perhaps 5$, depending upon how f a r  above th re sho ld  
the  dye l a s e r  i s  opera t ing)  where t h e r e  i s  enough l o s s  v i a  p o l a r i z a t i o n  
d i f f r a c t i o n  and subsequent r e f r a c t i o n  a t  t he  second c r y s t a l  f ace  i n t o  
an angle ou t s ide  t h e  c a v i t y ' s  acceptance angle,  t h a t  t h e  frequency band 
wi th in  t h e  f i l t e r  bandwidth can no longer  reach th re sho ld .  The dye l a s e r  
spectrum consequently appears t o  have a  l i n e  quenched, which i s  tunable  
by changing the  acous t i c  f i l t e r  frequency. The preceding s t eps  were a l l  
succes s fu l .  The f i n a l  s t e p  toward obta in ing  an e l e c t r o n i c a l l y  tunable  
dye l a s e r  i s  t o  s e t  t h e  acous t i c  d r ive  f o r  10@ p o l a r i z a t i o n  conversion 
a t  a  frequency wi th in  t h e  dye l a s e r  spectrum, increase  t h e  pump l a s e r  
power ( t o  overcome t h e  higher  dye cav i ty  l o s s  when t h e  p o l a r i z a t i o n  a t  
t he  second CaMo04 face  i s  h o r i z o n t a l  and t h e  second face  i s  no longer  a  
Brewster-plane f a c e ) ,  and r o t a t e  t h e  second dye cav i ty  mir ror  t o  accept  
the  ho r i zon ta l ly -po la r i zed  beam. The r e s u l t a n t  dye l a s e r  opera t ion  
would be po la r i zed  (Ne ,N0)  a t  t he  CaMo04 f aces  and would be narrow 
band ( a t  l e a s t  a s  narrow as  t he  f i l t e r  bandwidth) with i t s  cen te r  
frequency e l e c t r o n i c a l l y  t unab le  by changing t h e  acous t i c  frequency. 
This l a s t  s t e p  was attempted many times under many d i f f e r e n t  condi t ions  
of acous t i c  d r ive ,  pump l a s e r  power, e t c . ,  bu t  t unab le  opera t ion  was 
not observed. With s o  many v a r i a b l e s  i n  t h a t  f i n a l  s t e p ,  we decided 
t o  modify t h e  experimental  con f igu ra t ion ,  
Our next  experiments were a t  a cen te r  wavelength of 6328 8, where 
a He-Ne l a s e r  could be used t o  predetermine t h e  acous t i c  power l e v e l  and 
optimum f i l t e r  alignment f o r  10do p o l a r i z a t i o n  conversion and t o  a i d  i n  
dye cav i ty  alignment.  For opera t ion  a t  6328 A, a new acous t i c  transdueex, 
stai-dard 6328 8 mir ro r s  and t h e  dye Rhodamine ~ ( 1 0 - ~  molar i n  e thanol )  
were used. The major problem with t h i s  con f igu ra t ion  was t h e  much lower 
ga in  of t h e  dye than  i n  t h e  previous experiment.  Furthermore, although 
t h e  dye would l a s e  i n  a band centered about 6328 8 with t h e  f i l t e r  absent  
from t h e  cavi ty ,  t h e  a d d i t i o n a l  l o s s  introduced by t h e  f i l t e r  tended t o  
s h i f t  t h e  dye spectrum up i n  frequency, u sua l ly  s o  f a r  'that 6328 8 was 
not  wi th in  t h e  dye l a s e r  spectrum. It proved d i f f i c u l t  t o  obta in  an 
z o u s t i c  transdLlcer and a dye l a s e r  spectrum t h a t  both centered a t  6328 8. 
The f i r s t  s t e p  descr ibed  above, except with t h e  s u b s t i t u t i o n  of t he  He-Ne 
l a s e r  f o r  t h e  dye l a s e r ,  could be performed i f  t h e  t ransducer  centered a t ,  
o r  a t  l e a s t  reasonably over]-apped, 6328 8 .   eversion t o  fundamentally 
resonant  t ransducers  helped considerably h e r e . )  The second s t e p  was o f t e c  
d i f f i c u l t  due t o  t h e  low ga in  of t h e  dye l a s e r ,  and usua l ly  t h e  frequency 
s h i f t  i n  t he  dye l a s e r  spectrum prevented observa t ion  of a quenched l i n e  
a t  6328 8. Even when t h e  f i r s t  two s t e p s  were accomplished successfu l ly ,  
we could not  perform the  f i n a l  s t e p  succes s fu l ly ,  probably because we d id  
not have enough pump power t o  reach th re sho ld  f o r  t h e  case of po la r i za -  
N ) a t  t h e  CaMo04 f a c e s .  t i o n  , 
A t  p resent  we a r e  reviewing our experimental  conf igura t ion  and 
planning our next  experiment.  We a r e  i n v e s t i g a t i n g  methods of achieving 
h igher  dye ga ins ,  even i f  t h i s  r e q u i r e s  changing dye and l o s i n g  t h e  con- 
venience of t h e  He-Ne alignment l a s e r .  To overcome t h e  unce r t a in ty  i n -  
volved with r equ i r ed  h igher  pump power t o  reach th re sho ld  f o r  tunable  
o s c i l l a t i o n  with ( N  , N ) p o l a r i z a t i o n  a f t e r  achieving (N,, No) o s c i l -  
e  o  
l a t i o n  we p l a n  t o  cu t  a  new CaMo04 c r y s t a l  with i t s  two end f aces  cu t  i n  
or thogonal  p lanes  s o  t h a t  wi th  (N N ) p o l a r i z a t i c l i  both f a c e s  a r e  
e' o 
Brewster-plane f a c e s .  To a i d  i n  f i n a l  alignment, it may be f r u i t f u l  t o  
employ a  three-mir ror ,  two-dye c e l l  c a v i t y .  F i l t e r  alignment and acous t i c  
l e v e l  adjustment f o r  10@ conversion, which r e q u i r e s  narrow band inc iden t  
l i g h t ,  may be obta ined  by s e v e r a l  poss ib l e  rou te s :  us ing  a  spectrometer  
o r  another  acous to-opt ic  f i l t e r  with inc iden t  white l i g h t ,  o r  by cons- 
t r u c t i n g  another dye c a v i t y  with an i n t e r n a l  d i f f r a c t i o n  g r a t i n g .  
2 .  Laser Stab i  l i z a t i o n  
(s. C. wang) 
Work on t h i s  p ro jec t  during t h i s  per iod  i s  described i n  the  at tached 
papers: Appendix B, which w i l l  be published i n  the  September i ssue  of  
the  IEEE Journal  of Quantum Elect ronics ;  and Appendix C, which has been 
presented  a t  the  1970 Device Research Conference i n  S e a t t l e ,  and w i l l  be 
published i n  the  August 1 issue  of Applied Physics L e t t e r s .  
3. Locking oi' Op t i ca l  Parametr ic  O s c i l l a t o r s  t o  Atomic Trans i t i ons  
(R. B. Miles, J .  F .  Young and S .  E .  ~ a r r i s )  
The goa l  of t h i s  p r o j e c t  i s  t o  achieve t h e  power of e f f i c i e n t  
s o l i d - s t a t e  l a s e r s  wi th in  t h e  bandwidth of any co ld  gas absorp t ion  l i n e .  
The technique and theory  have been descr ibed  by S .  E .  H a r r i s  i n  Applied 
Physi cs  Let , ters ,  - 14, 335 ( ~ u n e  1.969)~ and involve t h e  use of a  parametr ic  
o s c i l l a t o r  with two reversed  nonl inear  c r y s t a l s  s epa ra t ed  by a  c e l l  con- 
t a i n i n g  t h e  gas .  I n  t h i s  case t h e  ga in  c h a r a c t e r i s t i c  of  t h e  c o l l e c t i o n  
i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  absorp t ion  l inewidth  of t h e  low p res su re  
g a s .  Thus t h e  o s c i l l a t o r  should produce high power coherent r a d i a t i o n  
locked t o ,  and co inc ident  i n  frequency with, t he  gas absorp t ion .  Such a  
source w i l l  have uses  i n  s tudying gas absorpt ion,  s a t u r a t i o n ,  and re laxa-  
t i o n  processes ,  as  we l l  a s  d e t e c t i o n  of low l e v e l  atmospheric p o l l u t a n t s  
over long pa th  lengths  by resonant  absorpt ion,  and t r a c k i n g  gas clouds 
o r  concent ra t ions  by resonant  s c a t t e r i n g .  
During t h i s  per iod  work has  been d i r e c t e d  a t  cons t ruc t ing  a  s t a b l e ,  
r e l i a b l e  s i n g l e  c r y s t a l  o p t i c a l  paramet r ic  o s c i l l a t o r  having an output  i n  
the v i c i n i t y  of 3 .0  p. Many gases of i n t e r e s t  have v i b r a t i o n - r o t a t i o n  
bands i n  t h i s  reg ion .  A r e l i a b l e  l a s e r  pump source using a  Nd:YAG l a s e r  
opera t ing  a t  0.946 p. and i n t e r n a l l y  doubled t o  0.473 p has been co:u$leted. 
The second liarmonic pulse  lengthening  techniques developed i n  t h e  l a s t  
r epo r t ing  per iod  on t h e  ruby l a s e r  have been used i n  t h i s  system t o  
o b t a i n  500 nsec, 3 kW pu l se s  a t  0.473 a t  r a t e s  of 5 pps.  
Using t h i s  pump we have b u i l t  a  s i n g l y  resonant  o s c i l l a t o r  tunable 
from 2.45 p. t o  3 .2  p i n  t h e  i n f r a r e d ,  with a  corresponding range of 
1C). 155 p. t c  0.580 p. i n  t h e  v i s i b l e .  It has been found t h a t  i n  o s c i l l s t c l - s  
of t h i s  type t h e r e  i s  a  s i g n i f i c a n t  advantage i n  resonat ing  t h e  longer 
wave output .  This  i s  descr ibed  i n  t h e  a t t ached  paper e n t i t l e d  "Pump 
Linewidth Requirement f o r  Op t i ca l  Parametr ic  O s c i l l a t o r s ,  I '  ( ~ ~ ~ e n d i x  D) 
which has been submitted t o  Applied Physics  L e t t e r s .  The l inewidth  of 
t h e  resonant  i n f r a r e d  i d l e r  i s  l e s s  than  114 wavenumber and t h e o r e t i c a l l y  
could be made narrower.  
We p l an  t o  s impl i fy  t h e  experimental  procedure by r ep lac ing  t h e  two 
i n v e r t e d  o s c i l l a t o r  c r y s t a l s  by a  double pass  througr  a  s i n g l e  c r y s t a l .  
with a  r e l a t i v e  n phase s h i f t  o f  pump, s igna l ,  and i d l e r  f o r  t h e  second 
p a s s .  A double pass  o s c i l l a t o r  without a  gas  o r  phase s h i f t  has  been 
successfu.lly b u i l t ,  and works w e l l .  I n t roduc t ion  of t h e  phase s h i f t  
us ing  the  e l e c t r o - o p t i c  e f f e c t  of a  small  s e c t i o n  of t h e  LiNbO o s c i l -  3 
l a t o r  c r y s t a l  should ex t inguish  t h e  o s c i l l a t i o n .  I n s e r t i o n  of t h e  gas 
w i l l  counterac t  t h i s  ga in  c a n c e l l a t i o n  wi th in  t h e  gas l i n e  only and 
locked o s c i l l a t i o n  should commence. Gases which may be used inc lude  
methane, CO, HBr, and H C 1 .  Temperature tun ing  of t h e  o s c i l l a t o r  c r y s t a l  
w i l l  cause t h e  o s c i l l a t o r  t o  s e q u e n t i a l l y  lock  t o  successive,  ad jacent  
r o t a t i o n  l i n e s ,  spaced by s e v e r a l  wavenumbers. 
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ABSTRACT 
A model of  a dye l a s e r  e l e c t ron i ca l l y  tuned by an acousto-optic 
f i l t e r  i s  analyzed. Chirping modes a r e  superposed t o  y i e l d  a steady- 
s t a t e  per iodic  solut ion which p red ic t s  a s h i f t  o f  t he  spectrum t o  t h e  
high end of t h e  f i l t e r  band, and appreciable spec t r a l  narrowing. For 
t h e  example considered, the  theory p red ic t s  a narrowing f ac to r  of 100 . 
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W i l l i a m  S t r e i f e r  and John R. Whinnery t 
Microwave Laboratory 
Stanford University 
Stanford, Ca.lif o rn ia  
I. INTRODUCTION 
I 
S.' E. Harr is  has proposed t h a t  a dye l a s e r  be tuned by an e lec t ron i -  
cal ly-tunable acousto-optic f i l t e r  of t h e  type proposed by Harris  and 
2 
wallace' and demonstrated by Harris ,  Nieh, and Winslow. The proposed 
arrangement, diagrammed i n  Fig. 1, shows a tunable f i l t e r  of t h e  t r an s -  
mission type placed 'wi thin  t he  l a s e r  cavity. F i l t e r s  of t h i s  type r e -  
cent ly  studied by Harr is  and ~ i e h ~  a r e  of C&oO and have o p t i c a l  band- 4 
widths of a few xlgstroms with tuning over t he  v i s i b l e  range produced by 
varying acoust ic  freq-dency from 50 t o  100 MHz, approximately. It w i l l  
be shown t h a t  a s impl i f ied  model of t h i s  system not only p red ic t s  e lec-  
t r on i c  tuning over t he  broad dye l inewidth,  but  a l s o  an apprecLable l i n e  
narrowing over t h a t  predicted simply by t he  f i l t e r  bandwidth. 
A charac te r i s t i c  of  spec ia l  i n t e r e s t  f o r  t h e  transmission f i l t e r s  
made t o  date i s  a s h i f t  i n  t h e  o p t i c a l  frequency which i s  i n  t he  same 
d i rec t ion  f o r  a wave propagating t o  t he  r i g h t  and f o r  one t o  t h e  l e f t .  
* 
On leave from lUcctr ica1 Engineering Dcpartmcnt, University of 
Rochcstcr. Rcscarch supported by t he  National Science Foundntion. 
'on lcave from Tll.cctricn!. Enei.nccriile Departrncnt, University of 
California,  Berkeley. 
- - 
( ~ o n f i p r n t i o n : :  can bc devised t o  give othcr behavior, but the  described 
property i s  of spec ia l  i n t e r e s t  t o  t h i s  -paper). We take t he  s h i f t  t o  be 
an upshir t ,  so t h a t  an op t i ca l  wave of frequency f o  i s  sh i f t ed  t o  
fo  + 2fa a f t e r  a round-trip through t he  f i l t e r ,  where f i s  t he  
a 
acoustic frequency. The change i n  frequency dis turbs  t he  feedback 
condition a s  normally conceived, so it i s  not immediately obvious t h a t  
there  w i l l  be any useful  ou tp~i t  from t h e  l a s e r .  
The i n i t i a l  behavior of t h i s  simple model can be deduced by a physi- 
ca l  reasoning. There a r e  t yp i ca l l y  a few thousand longi tudinal  modes of  
the  unperturbed l a s e r  within t he  few-angstrom band of t h e  f i l t e r .  Each 
i s  continuously swept upward i n  frequency a f t e r  each pass through t h e  
f i l t e r ,  and increased i n  amplitude by t h e  gain of t he  dye. Since un- 
sa turated gain of t h e  dye i s  appreciable (approximately 3) t h e  modes w i l l  
bui ld  up from noise t o  appreciable i eve l s  i n  t h e  several  thousand passes 
they undergo before being swept out of t he  high-frequency edge of  t h e  
f i l t e r .  There i s  thus a marked s h i f t  of the  spectrum t o  t h e  high-frequency 
end of t h e  f i l t e r  which produces a consequent l i n e  narrowing. Furthermore, 
the analysis  given below shows t h a t  the re  i s  a steady-state periodic solu- 
t i o n  fo r  t h e  model. 
Consider a cavity with plane p a r a l l e l  mirrors of separation L and 
a device which upshif ts  frequency by f a  each pass. Normal or  s e l f -  
consistent  modes fo r  such a cavi ty  must chirp  a t  t h e  r a t e  fa  per pass 
o r  2vfa per second. Such behavior i s  exhibited by functions i n  t he  form 
/ 
- .- 
where v = C / ~ L  i:. tile lonf l ; i t~~dint i l  mode separal;ion and q i s  an 
in teger  which denotes the lon~; i . tud ins l  mode number. In  a time i n t e r -  
v a l  l/v = 2 ~ / c  equal t o  a round-tr ip t r a n s i t  t h e  frequency 
has sh i f t ed  by 2fa . Note too  t h a t  i n  T = 1/ (2 fa )  t he  frequency 
changes by v so t h a t  the  q-mode a t  t + T has t he  same frequency a s  
the  ( q  + 1) - mode a t  t . Because of t h e  chirping modes t h e  observed 
spectrum i s  expected t o  be'smeared r a the r  than d i sc re te .  
We expand t h e  cav i t y  f i e l d s  i n  t he  chirping modes 
and seek a s teady-s ta te  per iodic  solut ion by requir ing t h a t  & ( t  t- T) = e ( t )  . 
Since during T each mode chirps  i n  frequency by v , we  f i nd  
where y i s  a constant  phase factor .  
q 
The e l e c t r i c  f i e l d  amplitudes at  t + T a r e  a l so  r e l a t ed  t o  t h e i r  
values a t  t a s  follows. For amplitudes l e t  
= sa tu ra ted  dye Gain/pass 
( f )  = f i l t e r  t r sn~rn i ss j .on /~acs  
9? = resona1;or f : i c t ~ r / ~ a s s  
- .- 
where 9 inc ludes  t h c  e f f e c t s  of a l l  o t h e r  1.osses including' output 
coupling. Since t h e  t ime per pass i s  l/(2v) t h e  r a t e  of change of 
mode amplitudes i s  
The so lu t ion  of ( 5 )  i s  
where ~ ( f )  = %j/e(f)g . Since t h e  time i n t e r v a l  i s  shor t  and g= 1 
we f i n d  
Then by combining ( 4 )  and (7),  disregarding t h e  phase and s e t t i n g  
t = 0 , we ob ta in  
Considering q a continuous va r iab le  with f = vq , expanding i n  a 
Taylor s e r i e s  and s u b s t i t u t i n g  i n  (8) y i e l d s  
- 
An al . ternatc de r iva t ion  of' Eq ,  (9) follows by not ing t h a t  t h e  power 
s p c c t r a l  densi ty ,  ~ ( f )  , i s  upshi f ted  by f a  during onc t r a v e r s e  of 
2 the  cavj t y ,  while t h e  p w e r  is modified by ,7 ( f )  , i" e., 
2 
~ ( i  + f j = y ( f )  ~ ( f )  a 9 
e ( f  + fa)  = ~ ( f )  ~ ( f )  
Using t h e  Taylor expansion a s  above y i e l d s  Eq.  (9).  
The so lu t ion  of Eq. (9) i s  
where fo i s  t h e  lowest o s c i l l a t i n g  frequency defined by 
The pumping l e v e l  and sa tu ra t ion  paramet e r determine &(fo) and ~ ( f )  . 
We take  Y(f) = To s i n c  [ ~ ( f  - f c )  ] , a s  i n  Refs. 1 and 2, where f i s  
C 
t h e  f i l t e r  center ,  n determines t h e  f i l t e r  bandwidth and Yo i s  t h e  n e t  
gain per pass a t  f c  inc luding l o s s e s  and sa tu ra t ion .  Equation (10) i s  
then 
( f  - fo) 
&(f) = €(f0) exp S i  [ a ( f  - f c )  ] - s i [ a ( f 0  - f c )  ] 
f a  
The maxilnunl of t he  ampli1;ude spectrum given by Eq. (12) occ~r rs  a t  
f = fm = f c  + ( f c  - f o )  (see Fig. 2) .  By employing a Taylor expansion 
about fm t h a t  equation becomes 
where 
Thus t h e  amplitude has decreased by exp (-1) a t  
The dependence on f and the  , f i l t e r  bandwidth ( inversely  proportional  
a 
t o  a .  ) a re  c lear .  
The experiment present ly  i n  progress uses a 2 cm CaMoO c rys t a l  with 4 
f a  = 60 Mliz and v = 1000 MIjz, . The f i l t e r  bandwidth i s  approximately 
-12 10 a and a = 3 x 10 . Then i f  Y 0 = l . 1 8 ,  F = . 3 ,  fm - f c  comes- 
ponds t o  3.3 8 and hE = 10I.O Hz o r  M = .l 8 ; i f  % = 1.015 , F = .1 , 
f - f corresponds t o  1 8 and M = .17 8 . The use of a 2 cm Limo 
m C 3 
crystal.  w. i t ,h  I: a n d  cl incrcn:;ccl by ;al)i~~-o;:irti~t t 3  1)  10 d<)c.:: not afl'cct 
a 
C4f , but  i n  e i t h c r  case Af i s  i.nvc:rz;cly propor2;:iolial. t o  T, 112 ? 
,where L is c r y s t a l  l en&h .  
The above st~nlysi : ;  considers only t h e  wnp1:itudcs and not  t h e  
phases. Clcnrly, i f  t h e  moiles a r c  p r o p e ~ l y  pl,ha.:;cil ei.ther because of 
dye non l inea r i ty  o r  a re]-ationship between v and fa pulse  behavior 
may occw.  The Gaussian f01m of (13) I.Jc)U~~L pre(1j.ct Gaussian pulses.  
Some l i m i t a t i o n s  on t h i s  model are c lea r .  Satura t ion has been 
considered a s  it a f f e c t s  gain, but  not i n  i t s  nonlinear i n t e r a c t i o n s .  
Such nonlinear e f f e c t s  w i l l  produce a parametric gain contr ibut ion t o  
t h e  modes, and a couy.3.ing between modes t h a t  rtigh-L favor a mode-locked 
so lu t ion  over t h e  s teady-s ta te  so lu t ion  considered here. I n  t h i s  con- 
4 t e x t  t h e  i n t e r e s t i n g  experiment of Smith sh0ul.d be noted, i n  which he 
produced mode locking of a gas l a s e r  by continuous v a r i a t i o n  of t h e  
mirror  spacing. His experinlent produced a continuous s h i f t  of  i n t e r -  
mode spacing as  w e l l  as  of absolute  mode frequencjes, and i s  concerned 
with inhomogeneous-J :F Yrondcnc d systems. f I i  s f igures  show a smeared 
spectrum a s  predic ted  f o r  t h e  chirped mocles? Time constants  of  t h e  
dye must a l s o  be considered more ca re fu l ly  i n  determining whekher o r  
not  t h e  s teady-s ta te  sol.ution can be rea l i zed ,  
The authors g r a t e f u l l y  ackno.i.llec1gc he1 p f d .  discussions r i i t h  S. E. IIsrris, 
D. J. Kuizenga, S. T. I.;. Nieh, and D. J. Taylor. 
1. S. E. IIarri:: and R .  W. hrallace, J. Opt. Soc. h e r .  59, 7411 (1369). 
- 
2. S. E. IIarris, S. T, 1{. Nj.e11, ttnd D. K. Winslox, A p p 1 .  Pllys. L e t t e r s  
15, 325 ( w 6 9 ) .  
3.  S. E. Harris and S. T. K. Nich, t o  be  published. 
4. P. W. Smith, Appl. Phys. L e t t e r s  10, 51 (1967). 
-
5. B. Alpiner  and A. Korpel. have considered placing a Bragg s c n t t e r e r  
i n s i d e  a l a s e r  cav i ty  t o  sweep t h e  l a s e r  frequency and thus  u t i l i z e  
t h e  invers ion  more completely. 
.I.. i : 5 i ;  a .  . "lac :?iLl.i.or is a l igned  to t h e  
ordinary- vave, the o the r  to the ortl-3,eril:i;lnry. 
2, Scheii i~t ic  oi" the  laser s;:ectru:' 


APPENDIX B 
BnSORYJ'ION COhTFICLETI'S ; TRSIIGITIOPT PROSP1BILITY, JUJU COLLISION BROADDTING 
S .  C. Wang and A. E,  Siepgan 
Microhrave Laboratory 
Stanford , University 
Stanford, Cal i fornia  
The pressure dependence of t h e  absorption coef f ic ien t  of dimethylether 
(DME) gas a t  He-Xe l a s e r  3.508p wavelength i s  measured. The experimental 
r e s u l t s  a re  i n  f a i r l y  good agreement 16th theory. A -coll isicn broadening 
8 -1 o frequency of 1.6 +- .l x 10 sec a t  1 2  Torr, 293 K and a t r a n s i t i o n  l i f e -  
2 t i m e  of 2.2 5 .2 sec  are obtained. A sa tu ra t ion  i n t ens i t y  of about 2 m ~ / c m  
f o r  1 Torr of DME i s  a l so  estimated. 
A_EiSORITJGN COEFFICIENT, 'i'T\AI\JSi TTGl'i PROBABILTTY, AND COLT,ISIGTi BROADENING 
S. C.  Wang and A. E. Siegtnan 
Fticrowave Laboratory 
S t  anford Universi ty 
S t  anford, Ca1iforni.a 
Experiments on t h e  resonance absorption i n  c e r t a i n  gases of par-  
t i c u l a r  l a s e r  o s c i l l a t i o n  l i n e s  have been repor ted  recent ly .  1-4 By 
using such an absorption gas i n s i d e  t h e  l a s e r  cav i ty  a s  a sa tu rab le  
absorber, t h e  l a s e r  can be h ighly  s t a b i l i z e d  a t  t h e  atomic l i n e  cen- 
t e r  of t h e  absorption gas. Also, t h e  sa tu rab le  absorption can provide 
unusudLly high reso lu t ion  spec t ra  f o r  spectroscopy s tudies .  We repor t  
here  some experimental r e s u l t s  on t h e  measurement of absorption c o e f f i -  
c i e n t  s,  t r a n s i t i o n  p r o b a b i l i t i e s ,  and c o l l i s i o n  broadening frequency of 
dimethylether ( ~ m ) ,  (CH -0-CH ) at t h e  He-Xe l a s e r  o s c i l l a t i o n  wave- 3 3 
l eng th  of 3.508% . This i s  p a r t  of our attempt t o  inves t iga te  DbIE as  
one poss ib le  candidate f o r  frequency s t a b i l i z a t i o n  purposes. 
The He-Xe l a s e r  used i n  t h i s  experiment cons i s t s  of a 20 cm long, 
4mm diameter discharge tube f i l l e d  with 2 Torr of He and -20 m Torr of 
s i n g l e  i so tope Xe1j6 , The output mirror  of t h e  30 cm long l a s e r  cav i ty  
i s  f l a t  with about 50% transmission,  and t h e  o ther  mirror  i s  97.3% r e f l e c -  
t i o n .  The Doppler width of t h e  l a s e r  t r a n s i t i o n  i s  about LOO l+lXz and we 
bel ieve  t h e  cavi ty  should provide a s ing le  long i tud ina l  o s c i l l a t i o n  mode, 
Two i r i s e s  were placed tns ide  each end O f  t h e  cavi ty  f o r  ~axt ial .  t ransverse  
nioclil con t ,~ .o l :  bil-i, idlci,:!;lr t;llci ciuI,~j:;:, T::n:: liml~teci ~tric.*~.l.;{ to t h e  1-owest- 
ordel, trai~svez-se nic3c vras not cru..eT1.~lLy checked, L)uy.ing t h e  absorption 
mens~wcnient tile l a s e r  output po1,~cr was kept  con:;t;i~ii, a t  - 720 pwatts 
t h e  pressure  of t h e  Diva was chmged from 0.23 Torr t o  about 70 Torr . 
The absorption tube cons i s t s  or' a  35 m.n. l o r ~ g ,  6 Ton diameter pyrex 
tube  with quartz ~\rinciows a t  Brewster angle placed outs ide  t h e  cav i ty  
and l e f t  a t  room temperature during t h e  measurement period.  The D F a  
gas has  a p u r i t y  of g9 and was obtained frorn blatheson C~mpany. The 
power of  t h e  l a s e r  with and without absorption by DME gas was measured 
by an InSb cooled de tec to r  c a l i b r a t e d  agains t  an Eppley thermopile power 
meter. The change i n  in t ,ens i ty  of t h e  l a s e r  beam due t o  absorption by 
t h e  Dm var ied  from a few percent  t o  nea r ly  90% a 
The absorption c o e f f i c i e n t  a t  l i n e  center  f o r  t h e  low-pressure case, 
where t h e  Doppler broadening of t h e  l i n e  i s  dormlnant, i s  given by t h e  
expression 596 
where M i s  t h e  mass of  t h e  molecule; X i s  t h e  t r a n s i t i o n  wavelength; 
T i s  t h e  gas temperature; k i s  t h e  Boltzmann constant;  T i s  t h e  r a d i -  
a t i v e  l i f e t i m e  of t h e  t r a n s i t i o n ;  and Nb d N2 are  t h e  populat ions 
i n  t h e  lower and upper l e v e l s  of t h e  t r a n s i t i o n ,  respect ively;  while gl 
and g2 a r e  t h e  degeneracy f a c t o r s  of t h e  two l e v e l s .  A t  constant tem- 
pe ra tu re  and equil ibrium condit ion t h e  zbsorption coef f i c ien t  depends 
Linearly on t h e  population di f ference  between t h e  two l e v e l s ,  o r  i n  o ther  
words, depends l i n e a r l y  on t h e  pressure o f  t h e  gas, At high pressure,  
where Avc i s  t h e  c o l l i s i o n  broadening frequency, Since t h i s  frequency 
i s  propor t ional  t o  t h e  densi ty  of molecules, and thus  t o  t h e  pressure  of  
t h e  gas, t h e  absorption c o e f f i c i e n t  i n  t h i s  region i s  hdependent  of pres-  
sure o r  dens i ty  of  gas. The measured r e s u l t s  of absorption c o e f f i c i e n t s  , 
f o r  DME a s  shown i n  Fig. 1, are  i n  f a i r l y  good agreement with t h e  theo- 
r e t i c a l  argument of pressure  dependence. 
I n  t h e  ana lys i s  of t h e  d a t a  shown i n  Fig,  1, we have a s s w e d  t h e  
resonance absorption of DME a t  3 . 3 0 8 ~  t o  be from t h e  ground s t a t e  with 
a r o t a t i o n a l  quantum number of about 18, correspon&ing t o  maxirmm in ten-  
s i t y .  This was obtained from t h e  h o r n  r o t a t i o n  constant  of D M E . ~  The 
absorption i s  considered t o  be  within t h e  I R  c b S ~ r p t i ~ n  band of CH sym- 3 
metr ic  s t r e tch ing .  899 The exact t r a n s i t i o n  l e v e l  involved i s  d i f f i c u l t  
t o  obta in  due t o  t h e  r a t h e r  complicated spectrum of DME. It i s  poss ib le  
t h a t  an e r r o r  could a r i s e  i n  i n t e r p r e t a t i o n  of t h e  d a t a  based on t h i s  
assumption. From t h e  experimental data. t h e  c o l l i s i o n  broadening frequency 
was obtained from t h e  point  a t  t r a n s i t i o n  region where t h e  two ext rapola ted  
8 -1 l i n e s  in tercepted.  This y i e l d s  a c o l l i s i o n  frequency of 1 .6  "1 x 1 0  sec 
a t  15 Torr , 2 9 3 ' ~  . The t r a n s i t i o n  l i f e t i m e  which bes t  f i t s  t h e  d a t a  i s  
2.2 L . 2  sec . 
I n  t h e  lotr-pressure region, which i s  o f  most rint.erest from t h e  f r e -  
- 
qyency str?Fuilicn+,ion point  of view, t h e  a'osorgtion coef f i c ien t  i s  

-3 -1. -1. Itto 5 0.2 x 1.0 c Yorr . The sstu~b' i i .or :  ir;tcn::.iiy 01' i!ic [;as c a n  
he cct l lcu lzLet1 using t h e  dei'j i i  i Lion, 10 2 2 J s  = ~ ~ c y ~ y ~ f i  lP , where 7, 
and yb a y e  t h e  re1ax:iiion r ~ t t e s  of the upper and l o ~ i e r .  1-evcls of t h e  
t r a n s i t i o n ;  c  i s  t h e  v e l o c i t y  of l i -gh t  i n  t h e  vacuum; i s  t h e  0 
p e r m i t t i v i t y  of f r e e  space; and p i s  t h e  e l e c t r i c  d ipole  moment of 
t h e  t r a n s i t i o n  f o r  Dm, which i s  about 1 . 3  debye. A t  a pressure  of 
1 Torr t h e  f a s t e s t  r e laxa t ion  r a t e  ~ ~ o u L d  be  t h e  c o l l i s i o n  r a t e ,  which 
i s  ava i l ab le  from our data .  I f  we s e t  6 -1 Ya an6 yb  equal. t o  3 x 1 0  sec  , 
2 
t h e  sa tu ra t ion  i n t e n s i t y  of DME i s  about 2 m~/cm . ','his i s  a value ob- 
t a inab le  from t h e  l a s e r  we used. The r e s u l t s  of sa tu rab le  absorption of  
DME when placed i n s i d e  t h e  l a s e r  cav i ty  w i l l  be repor ted  i n  a separa te  
paper. 
The authors a r e  thankful  t o  K, Man'es and R. Se l leck f o r  he lp fu l  
a s s i s t ance  during t h i s  experiment. 
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APPENDIX C 
OBSERVATIOIS 017 AN F3HPLF!CED LWlvlB DIP WIT11 A PURE Xe 
GAIN CELL INSIDE A 3.5111 lie-Xe LASER' 
S. C. Wang, R.  L .  Bycv, and A. E. Siegman 
Microwave Laboratory 
S tanford  Univers i ty  
S tanford ,  C a l i f o r n i a  9307 
ABSTRACT 
The observa t ion  of an enhanced Lamb d i p  i s  r epo r t ed  f o r  a  pure 
Xe136 ga in  tube  i n  a He-Xe136 l a s e r  cav i ty .  The pure Xe ga in  c e l l  i s  
ope ra t ed  a t  a  p re s su re  o f  5 mTorr so t h a t  p re s su re  broadening e f f e c t s  
a r e  n e g l i g i b l e .  The observed enhanced Lamb d i p  h a s  a  5 MHz width and 
a  depth which i s  1% of t h e  peak power, It  i s  es t imated  t h a t  frequency 
II 
s t a b i l i z a t i o n  a t  3.51~ t o  one n a r t  i n  10 i s  possi  h1 e u s i  r ~ g  t h e  en- 
hanced Lamb d i p  a s  a  re ference .  
- -~ ~ 
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OBSERVATION OF AN ENIWJCXD LAMP DIP WIT13 A PURE Xe 
GAIN CELL INSIDE A 3 . 5 1 ~  lie-Xe LASER 
S .  C.  Wang, R. L. Byer, andA, E. Siegman 
Microwave Laboratory 
S t  anford Universi ty 
Stanford, Gal-ifornia 
Observation of an inver ted  Lamb d ip  due t o  au absorbing c e l l  i n -  
s ide  t h e  l a s e r  cav i ty  has been reported p r e ~ i o u s i y , ~ - ~  and it has been 
suggested t h a t  t h e  inver ted  d i p  may be used f o r  frequency s t a b i l i z a t i o n  
purposes. I n  previous experiments, t h e  absorption gas was e i t h e r  an 
organic compound whose absorption peaks were near t h e  l a s e r  frequency 
o r  a c e l l  using t h e  same atom as  t h e  l a s e r ,  such as  Ne i n  a He-Ne l a s e r .  
We repor t  t h e  f i r s t  observation of an enhanced Lamb d i p  i n  a l a s e r  
o s c i l l a t o r  using an i n t e r n a l  gain c e l l .  In  our case, t h e  pure Xe tube 
serves t o  provide addi t ional  gain, ins tead  of l o s s  a t  t h e  He-Xe 3.5I.p 
t r a n s i t i o n .  With t h i s  arrangement, t h e  usual  Lamb d i p  of t h e  He-Xe l a s e r ,  
which operates a t  a 2 Torr pressure,  i s  enhanced by t h e  narrow Lamb d ip  
of  t h e  pure Xe c e l l  which i s  operated a t  a pressure of a few milll-borr. 
Thus t h e  Xe gain c e l l  provides a narrow Lamb d i p  which can be used f o r  a 
frequency marlier while a t  t h e  same time using t h e  higher output power md 
gain of t h e  He-Xe l a s e r  tube. 
The He-Xe l a s e r  used i n  t h i s  experilllent i s  a 20 cm long, 4 rnm 
d i m c t e r  d i schnr~ ;e  tube f i l l e d  with 2 Terr of Iie and approximately 
136 20 mTorr of s i n g l e  i so tope  Xe . The Xe ~ a i n  c e l l  i s  a  30 cln long, 
6 nun diameter discharge tube  f i l l e d  w i t h  i s o t o p i c  Xe136 t o  a  pressure 
of about 5 mTorr. The Xe pressure  i n  both tubes i s  con t ro l l ed  by a 
l i q u i d  n i t rogen cooled pressure  adjustment system. This allows the  
tubes  t o  be operated over long l i f e t i m e s  by providing a l a r g e  r e s e r v o i r  
of  Xe t o  counteract  t h e  gas clean up probl-em. 
Figure 1 i s  a  block diagram of t h e  experimental set-up.  The cav i ty  
i s  83 cm long with invar  ba r  spacers.  The a i r  path cf t h e  l a s e r  beam 
i n s i d e  t h e  cav i ty  i s  enclosed t o  avoid any fluctua-kions due t o  a i r  mo- 
t i o n .  The output mir ror  i s  a  f l a t  with about 5% transmit tance  and t h e  
o the r  mirror  i s  a  400 cm rad ius  of curvature high r e f l e c t o r .  Both t h e  
He-Xe and t h e  pure Xe tubes a r e  designed f o r  dc and r f  exc i t a t ion .  I n  
t h e  present  experiment t h e  He-Xe tube  was r f  exci ted,  while t h e  pure Xe 
gain  c e l l  was both r f  and dc exc i t ed  t o  maintain a uniform discharge. 
The doppler width of  t h e  He-Xe l a s e r  a t  3 . 5 4  i s  about 110 MFIz. 
Thus t h e  present  cav i ty  conf igura t ion  provides opera t ion  on only a 
s i n g l e  long i tud ina l  mode. Single  t r ansverse  mode operat ion was obtained 
by t h e  use of two aper tures  i n s i d e  t h e  l a s e r  cavity.  A s i n g l e  i so tope  
of Xe was used t o  el iminate t h e  p o s s i b i l i t y  of an i so tope  e f f e c t  on t h e  
output  power vs.  frequency tuning of t h e  l a s e r .  
The output power a s  a  funct ion  of  l a s e r  frequency was recorded i n  
two s teps .  F i r s t  t h e  curve was taken with t h e  Xe gain c e l l  tube turned 
o f f  t o  show t h e  pressure broadened s l i g h t l y  a sp~une t r i ca l  iamb dip.  The 
curve was then talcen with t h e  gain cell. discharge on but v i t h  t h e  l a s e r  
output power ndjvsted t o  the  previous l e v e l  t o  avoid power broadening 
e f f e c t s .  Tlie r e s u l t s  a re  shown i n  F i g ,  2, The doiteerl por t ion  of  the  
; FIGURE 1 
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curve slio.vrs t h e  He-Xc l a s e r  output only, and t h e  s o l i d  curve shows t h e  
enhanced Lamb d i p  r e s u l t i n g  from t h e  Xe ga in  tube .  The curves show t h a t  
t h e  enhanced d i p  i s  narrower than  t h e  l a s e r  Lamb d i p  due t o  t h e  low p r e s -  
su re  i n  t h e  Xe ga in  c e l l ,  and t h a t  t h e  enhanced d i p  i s  s i g n i f i c a n t l y  
deeper  t han  t h e  l a s e r  Lamb d ip .  For t h e  p re sen t  case,  t h e  width o f  t h e  
enhanced Lamb d i p  i s  5 MHz and t h e  t o t a l  depth  i s  about 10$0 of  t h e  peak 
power. 
The i n t e n s i t y  of t h e  l a s e r  a s  a  func t ion  o f  frequency wi th  an addi -  
t i o n a l  ga in  c e l l  o r  absorp t ion  c e l l  i n s i d e  i t s  cal  i.ty can be de r ived  from 
Lamb's theory4  wi th  s l i g h t  modi f ica t ions .  I f  we neg lec t  with asymmetry 
e f f e c t s  due t o  c o l l i s i o n s 5  we f i n d  t h a t  
where KO i s  a cons tan t ,  and R = co - co i s  t h e  detuning from l i n e  0 
cen te r .  K1 = G ~ ~ / G ~ ~  , K2 = R / G ~ ~  , a d  K = ( G ~ ~ / G ~ ~ )  (1s1/1s2) a r e  3 
cons t an t s  r e l a t i n g  t h e  unsa tu ra t ed  l a s e r  ga in  G10 , unsa tura ted  ga in  
o r  absorp t ion  of  t h e  gas c e l l  GZ0 , t h e  c a v i t y  l o s s  R , t h e  s a t u r a t i o n  
i n t e n s i t i e s  of  t h e  l a s e r  tube,  and t h e  ga in  o r  l o s s  tube  I s l  and Is2 9 
r e s p e c t i v e l y ,  yl and y a r e  t h e  l i newid ths  of  t h e  l a s e r  and t h e  ga in  
c e l l  and a r e  r e l a t e d  t o  t h e  n a t u r a l  l i newid th  y n  and t o  t h e  c o l l i s i o n  
l i newid th  y of t h e  t r a n s i t i o n  by y = y 
c n -I- Y c  . 
In  t h i s  express ion  t h e  numerator i s  t h e  doppler  broadened l i n e  shrtpe 
func t ion  with a  doppler  l i newid th  % . The f i r s t  term i n  the denox i~ ia t c r  
i s  t h e  usua l  l a s e r  Lamb d i p  while t h e  .~~cor~ii i.: the rnhnnc~d Tt71'!!) dip 
o r  t h e  inver ted  Lamb dip, depending on t h e  sign.  As can be seen from 
the  expression, t h e  depth of the  enhanced Lamb d i p  depends upon both 
t h e  r e l a t i v e  gains of t h e  two c e l l s  and upon t h e i r  r e l a t i v e  sa tu ra t ion  
parameters. I n  our present  case t h e  t o t a l  He-Xe l a s e r  tube pressure 
was about 2 Torr, while t h e  pure Xe136 tube pressure  was 5 mTorr . For 
these  pressures and t h e  exc i t a t ion  condit ions we expect t h a t  y >> 1 7 2  
and t h a t  Isl >> Is2 . With proper exc i t a t ion  condit ions t o  ad jus t  t h e  
r e l a t i v e  gain values we, therefore ,  expect t o  observ2 a narrowed enhanced 
Lamb d ip  due t o  t h e  pure Xe gain c e l l .  
The nature l inewidth  of t h e  Xe atom a t  3 . 5 4  i s  about 2 MHz which 
can be ca lcula ted  from t h e  known l i f e t i m e s  of t h e  upper and lower l e v e l s  
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which a r e  1.36 x LOe6 sec and 4.5 x 1 0  sec , respect ively .  The f r e -  
quency broadening due t o  c o l l i s i o n s  i s  neg l ig ib le  compared t o  t h e  r a d i a t i v e  
l i f e t i m e  i n  t h e  pure Xe tube. Thus, t h e  enhanced Lamb d i p  should have a 
width of twice t h e  n a t u r a l  l i n e ~ i d t h . ~  With poss ib le  power broadening of 
the  enhanced Lamb d i p  taken i n t o  consideration, t h e  observed width of 5 MHz 
i s  i n  good agreement with t h e  t h e o r e t i c a l  predict ion.  
By using t h e  He-XeU6 l a s e r  t o  provide gain and power, and t h e  law 
pressure  pure Xe136 tube t o  provide a narrow frequency discriminant, our 
present  combination scheme should be very use fu l  a s  a frequency stcndard 
i n  t h e  near in f ra red .  With appropr ia te  feedback control  techniques, t h e  
frequency of t h e  l a s e r  can be s t a b i l i z e d  t o  b e t t e r  than one p a r t  i n  a 
thousand of t h e  enhanced Lamb d i p  of 5 MHz , and we thus est imate t h a t  f o r  
t h e  3 . 5 4  Xenon l a s e r  frequency s t a b i l i z a t i o n  t o  one p a r t  i n  1011 i s  possible.  
Furthermore, t h i s  technique could e a s i l y  be extended t o  o ther  l a s e r s  f o r  
which low pressure narrow l inewidth gain tubes can be constructed. 
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FIGURE CAPTIONS 
1. A schematic diagram of the  enhanced Lamb dip  He-Xe136 l a s e r  with 
t h e  pure Xe136 gain c e l l .  The f i l l  pressure of t h e  He-Xe136 l a s e r  
tube i s  2 Torr and t he  pressure of t he  Xe1j6 gain c e l l  i s  about 
5 mTorr. 
2. The power output vs. frequency tuning curve ( s o l i d )  show the  en- 
hanced Lamb d ip  observed i n  He-Xe1j6 l a s e r  osci - l la t ing a t  3.5l.p 
with an exci ted pure Xe1j6 gain c e l l  ins ide  t he  cavity.  The dotted 
port ion,  recorded with Xe136 gain c e l l  turned of f ,  was superposed. 
Only t h e  upper hal f  of the  whole power tuning curve i s  shown here. 
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ABSTRACT 
A pumping l a s e r  a t  0.k73p having a bandwidth of about 4 cm-' has 
been used t o  construct  a  parametric osc iL la to r  having a bandwidth of  
about 1/4 ern-' and tunable from about 2.4% t o  3.2p . It i s  shown t h a t  
f o r  such an o s c i l l a t o r  t h e r e  i s  a  s i g n i f i c a n t  advantage i n  resonating 
t h e  I - R  wave ins tead of t h e  v i s i b l e  wave. 
* 
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It has  been shown t h a t  s i n g l y  resonant  o p t i c a l  paramet r ic  o s c i l -  
l a t o r s  have f a r  g r e a t e r  s p e c t r a l  s t a b i l i t y  t hen  t h e  previous ly  con- 
s t r u c t e d  doubly resonant  o s c i l l a t o r s .  * The p re sen t  L e t t e r  shows 
t h a t ,  i n  add i t i on ,  such s i n g l y  resonant  o s c i l l a t o r s  may be cons t ruc ted  
us ing  a r e l a t i v e l y  broad band multi-mode pumping l a s e r ,  and s t i l l  y i e l d  
-1 
a narrow band s p e c t r a l  ou tput .  I n  p a r t i c u l a r  a  4 cm wide pump a t  
0.473p has  been used t o  cons t ruc t  a paramet r ic  o s c i l l a t o r  having a  
-I 1/4  cm wide s p e c t r a l  ou tput  t unab le  from 2.4% t o  3.2p . 
We cons ider  t h e  case where t h e  s i g n a l  frequency i s f i x e d  by t h e  
o p t i c a l  r e sona to r  and i n t e r a c t s  wi th  a broad band pump t o  generat,e a  
non-resonant broad band i d l e r .  The al lowable pump bandwidth such t h a t  
a l l .  modes o f  t h e  pumping l a s e r  a c t  i n  unison t o  produce gain i s  determined 
by -the a l lowable  momentum mismatch &L e fi , where L i s  t h e  l e n g t h  of  
t h e  nonl inear  c r y s t a l ,  For t h i s  case,  t h e  momentum mismatch due t o  
a punp b s ~ ~ c l w i  d1,h Cil, i s  given by 
P 
and thus t h e  allowable pump bandwidth i s  approximately 
As a r e s u l t  of normal dispersion L4u i s  s i g n i f i c a n t l y  l a r g e r  i f  
P 
t h e  f r e e  o r  non-resonated frequency i s  t h e  frequency neares t  t o  t h e  pump. 
For t h e  case of LiNbO with a pump a t  0.473p , t h e  s igna l  and i d l e r  f r e -  3 
quencies a t  0.56% and 2.7% , respect ively ,  evaluation of Eq. ( 2 )  using 
t h e  Sellmeier equations f o r  LiNbO ,5  ind ica tes  t h a t  the  allowable pump 3 
bandwidth i s  about s i x  times l a r g e r  i f  t h e  I - R  frequency i s  resonated a s  
it i s  i f  t h e  v i s i b l e  frequency i s  resonated. 
For our 3 .2  cm LiNbO c r y s t a l  t h e  allowable pump bandwidths a r e  3 
-1 -1 &u ( v i s i b l e  resonant)  = 0 . 9  cm , while rn (I-R resonant) = 5.8 cm . 
P P 
The s p e c t r a l  envelope of t h e  doubled 0.946 l i n e  of our Nd:YAG pumping l a s e r  
-1 i s  about 4 cm . Thus a l l  t h e  pump power should be e f fec t ive  i n  d r iv ing  
an o s c i l l a t o r  which resonates t h e  I - R  wave, while only about one-fourth of 
t h e  pump s p e c t r a l  power would be ava i l ab le  t o  an o s c i l l a t o r  resonating the  
v i s i b l e  wave. 
A s ingly  resonant parametric o s c i l l a t o r  which resonated t h e  I - R  wave 
was successful ly  b u i l t .  Figure 1 shows t h e  spectral.  envelopes of the  ptmip, 
non-resonant v i s i b l e  wave, and t h e  resonant I - R  wavc as  measured by 3. 1 meter 
FIG. I--Spectra of pmip; non-resonant wave; and resonant wave. 
- 1. Spex spectrometer having a resol.ui;:i.on o f  ahout 0,lc cm i n  t h e  v i s i b l e ,  
- 1 
and 0 . 1  cm i n  the  I-R . The spectrometer scan r a t e  and the  o s c i l l a t o r  
pulse r a t e  were adjus ted  so t h a t  about 50 pulses were averaged within 
each resolvable  frequency i n t e r v a l .  As expected, t h e  f r e e  i d l e r  has 
picked up t h e  width of  t h e  pump while t h e  resonated i d l e r  remains qu i t e  
narrow. I n  general,  t h e  o s c i l l a t o r  operated very s t a b l y  with excel lent  
pulse-to-pulse reproduc ib i l i ty ,  and a conversion e f f i c iency  of  pump t o  
tunable r a d i a t i o n  of  about 5 9  . 6 
An attempt t o  const ruct  an o s c i l l a t o r  which resonated t h e  v i s i b l e  
wave was unsuccessful  u n t i l  an i n t e r n a l  e t a lon  was used t o  narrow t h e  
l a s e r  spectrum. Even then t h e  o s c i l l a t o r  was only marginally above 
threshold  and operated e r r a t i c a l l y  a t  low power. 
This work has thus  shown t h a t  when const ruct ing a s ingly  resonant 
o p t i c a l  parametric o s c i l l a t o r  with a r e l a t i v e l y  broad band pump, a s ig -  
n i f i c a n t  advantage can be obtained by choosing %he resonated wave t o  be 
t h a t  which i s  f u r t h e s t  i n  frequency from t h e  pump. By using an e ta lon 2 
i n s i d e  t h e  p a r m e t r i c  o s c i l l a t o r  cavity, s t i l l  narrower I-R outputs w i l l  
be  obtainable;  and w i l l  again u t i l i z e  t h e  f u l l  power of t h e  r e l a t i v e l y  
wide band pumping l a s e r .  
The authors thank R.  L.  Byer and R. C. Rempel f o r  a number of he lp fu l  
discussions.  
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